This paper investigates volatility spillovers between UK regional job finding, job separation and vacancy rates. Employing a large Bayesian logistic smooth transition vector autoregression (VAR) model, we find high volatility spillovers between UK regional labour markets. Analyses of net spillovers show that, in general, shocks to job separation rates tend to spread into job finding and vacancy rates, while vacancy rates are usually at the receiving end of shocks transmitted from the job separations and job findings. To shed further light on the shock propagation mechanism, we also look into more detailed matters such as the differences in spillovers between regions within the same regime, and that of the same region but in different regimes.
Introduction
The spatial dynamics of labour market variables in the UK regions has, at various times, been a topic of significant interest to economists. This is so especially in the wake of recessions, including those of the 1980s and 1990s.
We aim, in this paper, to investigate such dynamics by analysing the way in which shocks -to unemployment inflows and outflows and also vacancies -propagate across labour market variables and regions. We pay particular attention to directional spillovers, and in so doing provide important evidence about how shocks to job separation spread differentially in different regimes, or different points in the business cycle.
Our work builds on a substantial literature. Manning (1994) found strong contiguity effects in his analysis of county labour market data. Martin (1994) meanwhile found co-integrating relationships between regional and national unemployment rates, suggesting the existence of equilibrium differentials between regions and a tendency for shocks to be transmitted speedily across geographies.
Several papers, including Evans and McCormick (1994) , Taylor and Bradley (1994) , McCormick (1997) , and Johnes and Hyclak (1999) investigate the role of, inter alia, housing markets and long term migration trends in determining regional response to macroeconomic shocks. As the core region grows, migration from the periphery tends to increase, thereby easing labour market shortages in the core while reducing unemployment in the periphery -so long as this migration is not choked off by housing market constraints. These papers uncover a marked change, observed in the 1990s recession, in the pattern of regional labour market response to macroeconomic fluctuations in the UK, with regions that had previously been characterised by relatively lower levels of unemployment being relatively hard hit. Elsewhere, using data for Finland, Hämäläinen and Böcherman (2004) note that regions characterised by high rates of labour turnover tend to have lower rates of net outmigration.
More recent work for the UK has been scant 1 , but Sensier and Artis (2011), building on teh US work of Crone (2006) , investigate the spread of recession over time across the counties of Wales. The work reported in the present paper represents an extension of this to the whole of Great Britain, while simultaneously employing more recently developed methods of analysis to throw greater light on the nature of the transmission mechanisms.
Recent years have witnessed a growing interest in empirically investigating the worker reallocation process within the standard DiamondMortensen -Pissarides search and matching framework (Diamond, 1982;  Mortensen and Pissarides, 1994; Pissarides, 1985 Pissarides, , 2000 . Among these, Fujita (2011) uses a structured trivariate vector autoregression (VAR) model consisting of inflow, outflow and vacancy rates to evaluate whether the job separation or job finding rate plays the dominant role in the dynamics of US labour market. 2 Given that the mechanisms 1 There has, however, developed a literature on regional convergence in Europe -see, for example, Duranton and Monastiriotis (2002) , Corrado et al. (2005) -but the focus of this work is on long run equilibrium differentials rather than on short term responses to cyclical fluctuations. 2 In this paper, we use inflow rate and separation rate interchangeably, outflow and job finding rate interchangeably hours. These studies using VAR models for the labour market all focus on aggregate data at national level. As a result, their findings can overlook important nuances, and even be misleading, when the job creation and destruction process at regional level is more of a concern. 3 The interregional transmission of labour market shocks is an important issue for a number of reasons. If such transmission is slow, then the pace of economic growth will typically differ across space, and in extreme cases this can mean that macroeconomic policies that are well suited to one part of the country may not serve other parts so well. In the UK, there is currently some concern that the transmission mechanism that has, in the past, ensured that growth in leading regions trickles down to other areas, is either no longer working well or is working much more slowly as the economy recovers from the Great Recession (Townsend and Champion, 2014) . This, then, is an appropriate time to re-investigate the mechanisms, using newly developed methods that allow more detailed analysis of the nature of transmission than (1997, 99) show that the statistical properties of aggregate data can be very different from that of their disaggregate components.
was heretofore possible. This paper focuses on the complex interrelationships between unemployment inflow, outflow and vacancy rates of 11 UK regions. Altogether, we have 33 variables that might be all interrelated. In order to avoid imposing 'incredible' restrictions in the sense of Sims (1972 Sims ( , 1980 , we use an unrestricted VAR to model the complicated interlinkages between thirty-three endogenous variables 4 . This sets the paper apart from the available studies such as Burda and Profit (1996) and Burgess and Profit (2001) , which use single equation models or VARs of much smaller size. In addition, to account for the possible nonlinear effect in the interactions between VAR variables, we assume the regime changes are governed by a logistic smooth transition function (Maddala, 1977; Teräsvirta, 1994) . Our estimation approach is Bayesian. Papers such as Banbura et al. (2010) , Koop (2011) and Gefang (2014) show that large Bayesian VARs provide better forecasts and more sensible impulse response analysis than their non-Bayesian counterparts. Popular shrinkage methods for large Bayesian VARs include the traditional Minnesota prior of Doan et al. (1984) and Litterman (1986) and its natural variants (Kadiyala and Karlsson, 1997; Banbura et al., 2010), the stochastic search variable selection (SSVS) prior of George et al. (2008) , and the family of SSVS plus Minnesota priors of Koop (2011) . Recently, Gefang (2014) introduces doubly adaptive elastic-net Lasso (DAELasso) for VAR shrinkage. Compared to other Bayesian VAR methods, DAELasso is more data based. In this paper, we use DAELasso for VAR parameter shrinkage so as to let the data speak. 4 The inflow, outflow and vacancy rates are I(0).
We use the generalized spillover measure (GSM) of Diebold and Yilmaz (2012) to investigate the shocks propagating mechanism between variables and regions. GSM is currently among the most popular tools for investigating spillover effects using VAR models (Antonakakis, 2012; Altera and Beyer, 2014) . GSM does not require orthogonal innovations to decompose the forecast error variances, which is especially desirable when there is a lack of theoretical guidance on identifying the structure of a complex dynamic The remainder of the paper is organised as follows. Section 2 introduces the econometric methods. Section 3 presents the empirical analysis. Section 4 concludes. Bayesian methods and explanations on GSM are provided in an online appendix (https://ideas.repec.org/p/lec/leecon/14-08.html).
Econometric Methods

Model and Bayesian Methods
The United Kingdom has a relatively flexible labour market (Owen and Green, 1989 ). The population is concentrated, with large cities linked by a good transport infrastructure. Hence a worker can easily commute to take up a job in a region other than the one in which she resides -though of course this comes at a cost. Moreover, with a high share of private ownership in the housing market, both in the form of owner-occupation and private rentals, migration is also an available choice. Consequently, changes in the economic fortunes of one region of the country are typically transmitted to other regions through a process of local labour market adjustments.
When we model the Diamond-Mortensen-Pissarides bilateral search/matching mechanism at regional level, it is necessary therefore to allow for interre- Let y t be a vector containing inflow, outflow and vacancy rates for 11 UK regions. We model the dynamic linkages between these variables using an unrestricted smooth transition VAR:
where ε t is a white noise process, that is E(ε t ) = 0, E(ε s ε t ) = Σ for s = t, and E(ε s ε t ) = 0 for s = t.
The regime changes are assumed to be captured by the following first order logistic smooth transition function as explained in Maddala (1977) and Teräsvirta (1994) : 5
Function (2) is the point of inflection of the function and so is the threshold around which the dynamics of the model change. The value for the parameter σ is chosen by the researcher; it could, as a particularly simple example, be set to one. However, if we set σ equal to the standard deviation of the process z t , this effectively normalises γ such that we can give this parameter an interpretation in terms of the precision of z t (i.e., σ −1 ) which, in turn, aids in defining the prior for γ. The transition from one extreme regime to the other is smooth for reasonable values of γ.
The principle underlying the logistic smooth transition VAR (LSTVAR)
is that as z t increases, moving from well below some threshold c to well above this threshold, the dynamics of the vector process y t changes from one regime to another. That is, if z t is very low -that is, well into what we will call the lower regime -then the process y t may be generated by the VAR model as follows.
However, when z t is very high -well into what we will call the upper regime -then the process y t may be generated by the VAR given by
The transition between these two regimes is smooth -governed by the values of the parameters in the smooth function of z t denoted by F (z t ). The value of F (z t ) is bounded by 0 and 1 since F (z t ) = 0 when z t = −∞, and F (z t ) = 1 when z t = ∞. The presence in the model of the smooth transition between regimes allows nonlinearity to be accommodated, while the inclusion of region-specific data in our vector of endogenous variables allows for the presence of spillover effects. (2011), we rewrite the model in (1) as
Following Gefang and Strachan
which is equivalent to equation (1), but this representation shows explicitly the parameters in the different regimes. Note that since z t is a continuous variable and F (z t ) is a continuous function of z t , model (1) implies an infinite set of dynamic processes.
We rewrite model (1) in a more compact form as
where E is a T × N matrix for i.i.d. error terms with its t th row distributed as N(0, Σ).
Vectorizing the matrices, we can transform model (6) into
where
Equation (7) cannot be estimated using frequentist methods when the number of VAR coefficients exceeds the number of observations. The Bayesian VAR approach, which shrinks parameters by employing appropriate priors, has proved powerful for analyzing such dynamic models of large dimensions (e.g., Sims, 1972 Sims, , 1980 Banbura et al., 2010; Koop, 2011) . Recently, Gefang (2014) has introduced the Bayesian DAELasso method for VAR shrinkage.
Compared with other Bayesian VAR approaches, DAELasso is more attractive for our current purposes as it does not discriminate between the endogenous variables.
The DAELasso estimator for a VAR is defined as following:
where λ 1,j and λ 2,j , for j = 1, 2, ..., N 2 k, are positive tuning parameters associated with the L 1 and L 2 penalties, respectively. We allow for different tuning parameters for different β j to allow for different degrees of shrinkage.
The parameters in equation (8), including γ and c in the smooth transition function (2), can be estimated using full conditional Gibbs samplers (Geman and Geman, 1984) . To save space, we present the priors, posteriors, full Gibbs scheme and -recognising that the choice of priors can be important -prior sensitivity analysis in the online appendix.
Generalised Spillover Measure
We use the GSM developed by Diebold and Yilmaz (2012) to decompose forecast error variances of each variable into components that are associated with various shocks to the dynamic system modelled in equation (1) .
The GSM does not require orthogonal innovations, hence the variance decompositions are invariant to the ordering of the variables. This feature is particular relevant to our current research as there is a lack of economic theories regarding how shocks propagate in the complicated system involving inflow, outflow and vacancy rates of many different regions.
The original GSMs are developed for linear VARs. As the smooth transition function (2) is continuous, we can calculate GSMs for any value of F (z t ) that may be of interest. For example, if we are concerned about the situation where z t = z τ , model (1) turns into (2007), we can write equation (9) in its moving average representation:
where µ is the mean, and the moving average coefficients A i can be computed recursively using A 0 = I N , and
Following Diebold and Yilmaz (2012), based on A i and Σ, we can then compute the own variance shares for variables y n that are due to shocks to the variable itself, directional volatility spillovers received by the variable y n from shocks to other variables and directional volatility spillovers transmitted by the variable y n to other variables. More importantly, we can evaluate net spillovers and net pairwise spillovers to examine how shocks are transmitted across variables and regions. Again, for brevity, we relegate the details of how we compute these spillovers to the online appendix.
3 Empirical Analysis
Data Description
The main data series used in the present analysis provide labour market information within standard UK regions and come from Nomis. to remove the excess volatility featured in high-frequency monthly data, we 7 Nomis also publish the stock of unfilled vacancies, which tend to have unspecified time lags because follow up takes time. By contrast, notified vacancies do not have the time lag problem. Qualitatively, notified vacancies are similar to the US help wanted index, vacancy posting used in papers such as Fujita (2011) and Campolieti et al. (2014a) . The data on vacancies are based on notifications made by employers to job centres, and only a proportion of all vacancies are notified. Since 'this proportion will tend to vary between different areas and different sectors of the economy' (Machin and Christian, 2002), we must acknowledge the possibility that this biases parameter estimates. However, as noted by Coles and Petrongolo (2013) , 'the bulk of unemployment is experienced by unskilled and semi-skilled workers' for whom job centre vacancies are indeed most relevant. 8 As argued by Shimer (2007) , in a steady state, the relationship between worker flows and the unemployment rate can be expressed as s/(s + f ) where s is the inflow rate and f the outflow rate. The data we use match this function well. To avoid the graphs becoming too messy, we omit labels for the multiple series. There are, however, some notable cases of regions where, with the onset of the Great Recession in 2008, the flows into and out of employment differed from the bulk of other regions. In Figure 1 , we see that there are two regions that experienced a particularly dramatic fall in the inflow rate, and that this rate recovered more quickly than elsewhere -the two regions are Scotland and Wales. Likewise, in Figure 2 the outflow rates of these two regions at this time take deeper drops. 10 We use Kalman filter to identify one national factor that affects inflow rates of all regions. In the same manner, we identify the national factor for outflow and vacancy rates respectively. We use the BIC defined below for model comparisons.
wherel is the maximum of the likelihood function and d is the number of parameters including the VAR coefficients and the parameters in the logistic function. The method is appealing as it does not involve integration and does not depend on the priors (Wasserman, 2000) .
The top 10 preferred models as selected by BIC are listed in Table 1 .
The general finding is that the lagged consumer confidence indicator in levels is the most effective series in the identification of regime changes, followed by the growth rate of industrial production. Models with transition variables associated with inflation and monetary policy also ranked highly.
However, models with transition variables related to national unemployment and vacancies do not appear in the top 10 selected models. Our result that consumer confidence level outperforms the rest of the candidate variables in leading regime changes in intra-and inter-regional labour market interdependencies is in the spirit of Acemoglu and Scott's (1994) finding that consumer confidence can forecast UK unemployment changes better than other macroeconomic variables. 11
As shown in Kass and Raftery (1995) , the Bayes factor can be approximated by the exponential of − 1 2 times the differences between two models' BIC measures calculated by equation (11) . If we assume uniform prior model probabilities, the preferred model will receive almost 100% of the posterior probability. Since there is no strong theoretical justification for assigning models different prior probabilities, we take the model selected by BIC as our preferred model and use it for the rest of the analysis. Notes:
The top 10 are selected out of 112 candidate models.
11 Although further investigation on why consumer confidence plays such an important role goes beyond the scope of the current paper, we would like to point out that recent papers that focus on individuals' dual role as consumers and workers might provide more insights on this issue. For instance, Crouch (2012) explores the possibility of resolving the tension between an economy's need for both flexible workers and confident consumers.
Nonlinear Effect in the Most Preferred Model
We plot the value of the smooth transition function against time for the most preferred model in Figure 4 . Note that here the transition indicator is consumer confidence in levels, and the lag length of the indicator is one 
Notes:
We use s to denote inflow rate, f to denote outflow rate and v to denote vacancy rate. Table 3 shows the directional volatility spillover to other variables. There is much more variation across regions in the extent of spillover in this table than in Table 2 ; while labour market conditions spread across space, the economic structure of some regions (specialising perhaps in industries with strong input-output linkages) means that they are more likely than others to serve as leaders in the diffusion of labour market shocks. On average, volatilities of inflow and outflow rates tend to have the highest directional spillovers to others at the lower regime, followed by the middle regime, then have much smaller directional spillovers to others at the upper regime. The scenario related to vacancy is mixed. Directional spillovers to others tend to have the largest values at the upper regime, followed by the middle regime, then the upper regime. It appears that a change in an unemployment flow or in vacancies in one region has greatest potential to impact on other regions in regimes that push the levels of these variables to be high; this in turn provides some stability to benign regimes.
The large values of directional spillovers reported in Tables 2-3 confirm, unsurprisingly, that the 33 endogenous variables we investigated are closely interrelated and that it would therefore be inappropriate to ignore interregional linkages when we model the regional labour market. 
We use s to denote inflow rate, f to denote outflow rate and v to denote vacancy rate. 
We use s to denote inflow rate, f to denote outflow rate and v to denote vacancy rate.
Net spillovers from each variable to all the other variables are reported in Table The scenarios for other regions are quite mixed. Table 6 shows that shocks to inflows in North East, East, Wales and Scotland tend to make outflows more volatile as a whole, while shocks to inflows in East Midlands, West Midlands, London and South East tend to dampen the volatilities in outflows of all regions. Table 7 provides evidence that in most cases, shocks to inflows tend to increase the volatilities on vacancies. Tables 8-10 present respectively the net impacts of shocks to one region's of London in the lower regime, but negative spillovers in the higher regime.
In the wake of recession, outflows from the unemployment register in the capital have a positive impact on outflows elsewhere, serving to pull the country as a whole out of recession; but as the economy grows and we move to the upper regime, this effect is reversed. Table 9 shows that in most cases the impact of shocks to outflows tend to dampen the volatilities in inflows. By way of contrast, Table 10 Table 11 shows that the East Midlands, under all regimes. High propensities to migrate to London may play a part in this. Table 13 shows that shocks to vacancies tend to have negative impact on the variations in outflows. To summarise, six important features leap out from Tables 6-13 . First, Fourth, if we look at h = 4, we find that in the lower regime, where the economy is in recession, the net spillovers from inflow to outflow outweigh those from the outflow to inflow, whereas at the middle and upper regime, when the economy is doing better, the net spillovers from outflow to inflow outweigh those from the inflow to outflow. In the literature, there is ongoing debate on whether job separation plays a more important role during reces- In Tables 14-16 we report, for the lower, middle and higher regimes respectively, the net spillovers between the inflow, outflow and vacancy rate within each region. These being net values, the numbers are again small.
There appears to be a pattern in which vacancy rate are 'receivers' in most regions. The evidence on the inflow and outflow rates is more mixed. London and the South East again appear as major net 'givers' in terms of outflows, with Wales consistently being a 'receiver'. The opposite is true of inflows.
Conclusion
This paper proposes a smooth-transition VAR model of high dimension to investigate the intra-and inter-regional linkages between the job separation rate, job finding rate and vacancies. Our model is an extension of the stan- and Yilmaz (2012), we are able to track the dynamic volatility spillover mechanism in 11 UK regions.
Our empirical evidence suggests the existence of close interlinkages between UK regional labour markets, with regime changes driven by confidence. We find that, in general, shocks to job separation rates tend to spread into job finding and vacancy rates. By contrast, vacancy rates are usually at the receiving ends of shocks transmitted from the job separation and finding rates. The impacts of shocks to regional outflow rates are mixed. Yet, there is clear evidence that shocks to outflows play a more important role in affecting the volatilities in vacancy rates than shocks to inflow rates or vacancy rates. These propagation mechanisms all operate somewhat differently across the various regimes -or the state of the business cycle -considered. This last observation has an important policy implication, namely that actions taken to mitigate adverse labour market shocks need to be taken in cognisance of the parameters associated with the regime in which the economy operates after the shock. What works in good times may not work in bad.
Of particular interest in the context of current policy debates is the changing impact of the job market in London on that of other regions. In the lower regime outflows from unemployment in the capital exert a stronger influence on outflow patterns in other regions than is the case in the higher regime. This offers some reassurance that the current recovery, which has started in London and the surrounding region, will (as has happened in the past) have a beneficial impact on labour markets in other regions. Testing that prediction in real time will, of course, require further research.
